The key genes involved in the development of esophageal squamous cell carcinoma (ESCC) remain to be elucidated. Previous studies indicate extensive genomic alterations occur on chromosome 9 in ESCC. Using a monochromosome transfer approach, this study provides functional evidence and narrows down the critical region (CR) responsible for chromosome 9 tumor suppressing activity to a 2.4 Mb region mapping to 9q33-q34 between markers D9S1798 and D9S61. Interestingly, a high prevalence of allelic loss in this CR is also observed in primary ESCC tumors by microsatellite typing. Allelic loss is found in 30/ 34 (88%) tumors and the loss of heterozygosity (LOH) frequency ranges from 67 to 86%. Absent to low expression of a 9q32 candidate tumor suppressor gene (TSG), DEC1 (deleted in esophageal cancer 1), is detected in four Asian ESCC cell lines. Stably expressing DEC1 transfectants provide functional evidence for inhibition of tumor growth in nude mice and DEC1 expression is decreased in tumor segregants arising after long-term selection in vivo. There is 74% LOH in the DEC1 region of ESCC primary tumors. This study provides the first functional evidence for the presence of critical tumor suppressive regions on 9q33-q34. DEC1 is a candidate TSG that may be involved in ESCC development.
Introduction
Esophageal squamous cell carcinoma (ESCC) is a very deadly disease and key genes involved in its development still remain to be elucidated. Previous studies show frequent allele losses on chromosomes 9 and 18 by both loss of heterozygosity (LOH) (Aoki et al., 1994; Mori et al., 1994; Shibagaki et al., 1994; Wang et al., 1996; Muzeau et al., 1997; Naidoo et al., 1999; Karkera et al., 2000; Yang et al., 2004) and comparative genomic hybridization (CGH) studies (Pack et al., 1999; Tada et al., 2000; Yen et al., 2001 Yen et al., , 2003 . These results suggest that tumor suppressor genes (TSGs) associated with esophageal tumorigenesis may be located on these chromosomes.
DEC1, deleted in esophageal cancer 1, is a candidate TSG characterized by a high LOH frequency and reduced expression in tumors and the ability to suppress cancer cell growth in vitro (Nishiwaki et al., 2000) . There is some controversy with respect to the chromosomal location of DEC1: the gene maps to 9q33.1, according to the Ensembl and UCSC databases, and 9q32, according to the NCBI database. No genetic alterations in the gene have been detected and its function is still unknown.
Somatic cell genetics offers a functional approach to map chromosome regions associated with tumor suppressive activities. The microcell-mediated chromosome transfer (MMCT) method allows transfer of exogenous genetic materials in a physiological state closely resembling its endogenous expression (Saxon et al., 1985; Murakami, 2002) . To date, no MMCT studies with ESCC cell lines have been published. The objective of this present study is to identify whether tumor suppressive activities of chromosomes 9 and 18 contribute to ESCC and to investigate a candidate TSG DEC1 in an ESCC cell line by in vivo studies.
Results

Transfer of human chromosomes 9 and 18 into ESCC cell lines
The Neo. 9 donor cell line contains a human chromosome 9 with a microdeletion at 9p21 and is null for the p16INK4a gene. Another donor cell line, microcell hybrid (MCH)912.1, contains an intact human chromosome 18. Both donor chromosomes were introduced into the ESCC cell line SLMT-1S1, which is highly tumorigenic in nude mice. G418-resistant MCHs for chromosome 9, MCH9.1, MCH9.3, and MCH9.6, and for chromosome 18, MCH18.3, MCH18.8, and MCH18.10, were obtained. Slot blot hybridization of MCHs detected no mouse DNA contamination (data not shown).
Microsatellite typing and fluorescence in situ hybridization (FISH) analysis
Polymerase chain reaction (PCR) microsatellite typing with 39 chromosome 9 and 10 chromosome 18 specific highly polymorphic microsatellite markers verifies the successful transfer of the donor chromosomes in the MCHs. For chromosome 9, eight markers (D9S324, D9S168, D9S269, D9S254, D9S157, D9S171, D9S126, and D9S970) show a microdeletion in the donor cells, which spans a 19.6 Mb region around 9p21, where a well-known TSG p16INK4a maps. For chromosome 18, all markers are present in the donor cells. Information for chromosome 9q markers is summarized in Table 1 .
At the cytogenetic level, whole chromosomes 9 and 18 painting was used for verification of the extra copy of chromosomes 9 and 18 transferred into the MCHs. The SLMT-1S1 recipient cell line contains eight copies of chromosome 9 and three copies of chromosome 18. An additional chromosome 9 is observed in 94, 95, and 96% of the MCH9.1, MCH9.3, and MCH9.6 hybrid metaphase spreads, respectively. However, for MCH9.3 fewer than 20% of the metaphases show transfer of the complete donor chromosome 9, while the remaining metaphases show transfer of only a partial donor chromosome. This result is also verified by molecular allelotyping. An additional chromosome 18 is observed in 95, 100, and 100% of the MCH18.3, MCH18.8, and MCH18.10 hybrid metaphase spreads, respectively (data not shown). Figure 1 shows the kinetics of tumor formation in athymic nude mice for the recipient ESCC cell line SLMT-1S1 and the MCHs. Significant differences in the tumor growth kinetics are observed for chromosome 9 MCH cell lines, with reduced tumor sizes and much longer latency periods for MCH9.1 and MCH9.6, compared with the recipient SLMT-1S1 (P ¼ 0.029) (Figure 1a ). In contrast, there is no obvious tumor suppression observed with the three chromosome 18 hybrids (Figure 1b) . Table 2 summarizes this data.
Tumorigenicity assay of MCH cell lines
Chromosome 9 MCH tumor segregant (TS) cell line analysis
Four TS cell lines were established from each chromosome 9 hybrid and are designated MCH9.1-1-4TS, MCH9.3-1-4TS, and MCH9.6-1-4TS. Detailed microsatellite typing of MCHs and their TSs was performed with 20 microsatellite markers (Figure 2 ). Both MCH9.1 and MCH9.6 TSs were excised from mice after 3 months growth in vivo. The MCH9.1 tumors grow more aggressively and are on average over 2000 mm 3 upon excision, while the MCH9.6 tumors are on average 1275 mm 3 . The MCH9.3 tumors grow the most aggressively and their TSs were excised from mice after 2 months growth, with an average size of 1075 mm 3 . All 12 TSs suffer loss of the D9S112 marker, identifying a 2.4 Mb critical region (CR) between markers D9S1798 and D9S61. Representative microsatellite typing results of the D9S112 marker mapping in the CR for the three MCH cell lines and their corresponding TSs are shown in Figure 3a .
Deletion of 9q32-q34 region in ESCC primary tumors DNAs from 34 ESCC tumors and the corresponding normal tissue were analysed using five 9q32-q34 microsatellite markers localized to the 4.7 Mb interval between D9S778 and D9S752; 30 tumors (88%) show allelic loss. In total, 19 tumors (56%) lost an allele for all of the informative markers, indicating possible extensive deletion of the entire 9q32-q34 region flanked by these five markers. Figure 2 shows the frequency of allelic loss of these markers. Representative results of the microsatellite typing for one pair of tissues are shown in Figure 3b . DEC1 cDNA transfection and colony formation assay DEC1 cDNA was transfected into three DEC1 downregulated cell lines, SLMT-1S1, HKESC-2, and T.Tn6. In comparison to the vector-alone transfected groups, no obvious reduction in colony numbers is observed in DEC1-transfected groups (data not shown).
Tumorigenicity assay of DEC1 stable transfectants
The DEC1 gene expression of SLMT-1S1, the pcDNA3.1 ( þ ) vector-alone stable transfectant, and the DEC1 stable transfectants is shown in Figure 4b . The DEC1 stable transfectants express much greater quantities of the DEC1 gene compared to the SLMT-1S1 recipient cell line. All three DEC1 stable transfectants display a delayed latency period in forming tumors (average latency period of 32-91 days), and tumors are of reduced size compared with the vector-alone control (average latency period of 8-28 days) (Figure 4c ). These differences are highly significant (Po0.0001). These results are summarized in Table 2 .
Status of DEC1 in TSs, ESCC primary tumors and chromosome 9 MCHs Tumors arising in nude mice injected with the more aggressive C8 DEC1 stable transfectant were excised for further analysis. Two TS cell lines, C8-2TS and C8-4TS, were analysed by RT-PCR and show a decreased DEC1 gene expression compared to the original C8 DEC1 stable transfectant (Figure 4b ).
Tissues from 34 ESCC patients were analysed using the KM9.1 microsatellite marker mapping to 9q32-q33 and flanking the position of the DEC1 gene (Miura et al., 1996) . An LOH frequency of 74% (20/27) is observed ( Figure 2 ). DEC1 maps to the region marked by KM9.1, which is around 11 Mb away from the CR identified by the MMCT approach ( Figure 2 ). DEC1 is present in donor chromosome 9 cell line Neo.9, as observed by both RT-PCR and KM9.1 microsatellite typing. To check the expression status of DEC1 following MMCT, RT-PCR analysis was performed, and it showed no appreciable increase in DEC1 expression in each MCH cell line compared to the SLMT-1S1 recipient (data not shown).
Discussion
Candidate ESCC TSGs mapped to chromosome 9 include p16INK4a and DEC1. In a previous study, we . DEC1 is also a candidate TSG, based on its high LOH frequency, reduced expression and ability to suppress cell growth in vitro (Nishiwaki et al., 2000) . However, no in vivo evidence of its tumor suppressive effect is available. Tumorigenicity in nude mice is recognized as the most reliable indicator of malignancy (Fogh et al., 1977) . Since malignant and transformed phenotypes may be under separate genetic control (Stanbridge et al., 1978) , the results from in vitro colony formation assays may not always be consistent with in vivo tumorigenicity assays. In vivo studies are required to further investigate DEC1 tumor suppressive activities.
In this study, an LOH frequency of 74% for the DEC1 gene is observed in 34 ESCC primary tumors. DEC1 was not able to suppress cell growth in a Hong Kong ESCC cell line, SLMT-1S1, in contrast to the findings in Japanese ESCC cell lines (Nishiwaki et al., 2000) . This difference may be attributed to patterns of suppression of malignancy varying depending on not only the genes to be transfected but also on the recipient cells utilized (Murakami, 2002) . On the other hand, tumor growth of stable transfectants with DEC1 overexpression was markedly suppressed in nude mice. Further monitoring of DEC1 expression in TS cell lines demonstrated a decreased DEC1 expression, supporting its importance in ESCC tumorigenicity.
Numerous studies in chondrosarcomas (Jagasia et al., 1996) , skin cancers (Holmberg et al., 1996) , lung carcinomas (Wiest et al., 1997) , neuroblastomas (Marshall et al., 1997), breast carcinomas (Gorgoulis et al., 1998) , sporadic basal cell carcinomas (He et al., 1999) , cutaneous malignant melanomas (Parris et al., 1999) , bladder cancers , renal cell carcinomas (Grady et al., 2001) , and ESCC (Nishiwaki et al., 2000) have suggested that chromosome 9 may harbor several other TSGs besides p16INK4a. Tumor suppression using MMCT helps narrow down the search for key genes contributing to tumorigenesis. Our previous studies using an MMCT approach in another cancer, nasopharyngeal carcinoma (NPC), successfully identified a CR for tumor suppression mapping to chromosome 3p21.3 (Cheng et al., 1998) . More recent studies have validated the usefulness of this approach and at least two NPC-associated candidate TSGs, RASSF1A and BLU, have now been mapped to this region (Chow et al., 2004; Qiu et al., 2004) .
To date, only four MMCT studies of chromosome 9 have been reported. These include studies on uterine endometrial carcinoma (Yamada et al., 1990) , bladder carcinoma , cutaneous malignant melanoma (Parris et al., 1999) , and NPC (Cheng et al., 2000) . Two of these studies Cheng et al., 2000) show that the 9p21 p16INK4a gene is important for tumor formation, while TSGs other than p16INK4a are implicated in melanoma and uterine carcinomas.
The current study shows that a chromosome 9 null for p16INK4a gene expression can still functionally suppress tumor formation by ESCC cells, resulting in tumors of reduced size and longer latency periods in the MCH9.1 and MCH9.6 cell lines. The higher tumorigenic potential of MCH9.3, compared to MCH9.1 and MCH9.6, may be attributed to the finding that less than 20% of its cells show transfer of the whole chromosome 9 by karyotyping, in contrast to results observed by FISH for the other two MCHs. The corresponding microsatellite typing analysis shows that for a number of markers, the intensity of the donor allele in MCH9.3 is lower than that present in the other two MCHs. Figure 3a illustrates this for the marker D9S112. The MCH cell lines have nine chromosome 9-staining copies by FISH analysis. The subsequent loss of the one donor allele in the TS is expected to show only a reduction of 1/9 (11%) in peak signal intensities. However, the cutoff value used in this study for LOH for the TSs was a 20% difference in peak heights. Although the extent of loss observed with the MCH9.1.2TS is not as obvious as that for the other two TSs in Figure 3a , its loss is significant. Genetic analysis of these TSs identifies a CR of common loss, presumably associated with recurrence of the tumorigenic phenotype. In the current study, detailed genotyping of MCHs and their corresponding TSs showed one In an earlier study (Yang et al., 2004) , we observed extensive and multiply lost regions on chromosome 9q in 34 ESCC tissues. Since the 10 chromosome 9q markers used in this earlier study did not contain several markers mapped to the CR observed in this MMCT functional study, we utilized these additional five markers including and neighboring the D9S112 marker, which appeared to be critically eliminated in all 12 of the MCH TSs analysed, to examine the 34 ESCC tissues for allelic loss. LOH frequencies of 67-86% were observed for these markers. This high loss is consistent with the evidence from MMCT that critical TSGs mapping to this region may be essential for ESCC tumorigenesis. It is also obvious that the extent of the losses detected by this type of molecular approach is so great that no single gene can be isolated and that other functional approaches are required to narrow down the regions to which candidate TSGs are likely to map.
The current study identifies an important gene-rich region at 9q32-q34, to which several human candidate cancer genes map. The region includes two bladder cancer-associated genes, DBC1 mapped at 9q32-q33 (Habuchi et al., 1998; Nishiyama et al., 1999) and TSC1 mapped at 9q34 (Sampson et al., 1995) . Other genes in this vicinity include PBX3, mapped at 9q33-q34 (Qin et al., 2004) , ENG, which is a component of the TGF-b receptor complex and can regulate the biological effect of TGF-b in tumor angiogenesis (Parker et al., 2003) mapped at 9q33-q34.1, and the myeloid leukemia-associated gene, SET, which is a regulator of G 2 /M transition mapped at 9q34. Indeed, the search in the 9q32-q34 region remains a high-priority initiative, since both LOH studies in primary tumor tissues and functional MMCT studies implicate this region as being involved in ESCC tumorigenesis.
The expression level of DEC1 is downregulated in the SMLT-1S1 recipient. Transfer of the 9q-intact chromosome suppressed tumorigenicity, but failed to restore DEC1 expression to normal levels as monitored by RT-PCR. One possibility, that remains to be tested, is there may be important upstream elements involved in the DEC1 expression regulatory pathway, which are defective in these MCHs, which fails to restore DEC1 gene expression after chromosome 9 transfer into recipient cells. These observations suggest that other unidentified TSGs mapping at 9q33-q34 are involved in ESCC development, genes, which are neither the p16INK4a nor the DEC1 gene.
Although frequent deletions have also been detected on chromosome 18 in ESCC by LOH and CGH studies, the present current MMCT study indicates that chromosome 18 transfer was unable to suppress tumorigenic behavior in animal studies. Thus, the change in the suppression phenotype observed in chromosome 9 MMCT studies is neither due to the process of MMCT nor to the possible clonal variation of the recipient, but rather may be attributed to the specific chromosome introduced. Similar results were observed in our previous studies in which chromosome 17 did not (Cheng et al., 2000) .
In conclusion, we show that chromosome 9 deletions occur at a significant frequency in ESCC tumors, provide functional evidence for the presence of other TSGs on chromosome 9 important for ESCC besides p16INK4a, and narrow down the candidate region for TSGs to a 2.4 Mb region. Another candidate TSG DEC1 is also implicated in this cancer, but does not appear to be the suppressor transferred by chromosome 9 in these studies. Work towards verification and identification of the chromosome 9 TSGs essential for ESCC tumorigenesis is continuing.
Materials and methods
Cell lines, culture conditions, and tissue specimens
The SLMT-1S1 cell line was established from a Hong Kong Chinese ESCC patient (Tang et al., 2001 ) and used as a recipient for the MMCT study. ESCC cell lines, SLMT-1S1, HKESC-2 (Hu et al., 2002) , and T.Tn6 (Takahashi et al., 1990) were used as recipients for gene transfection. The 81T cell line was established from a Taiwanese patient (Hu et al., 1984) . These cell lines were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5% fetal bovine serum (FBS), 5% newborn calf serum (NCS) and 1% penicillin/ streptomycin (Invitrogen, Grand Island, NY, USA). Neo.9 is an A9 mouse cell line containing a human chromosome 9 microdeleted at 9p21 (Yamada et al., 1990; Cheng et al., 2000) . MCH912.1 is a mouse A9 cell containing an intact human chromosome 18 (Goyette et al., 1992) . Neo.9 and MCH912.1 were used as the donor cell lines for MMCT. The cells were grown in DMEM/5% FBS/5% NCS/G418 (Geneticin) (Invitrogen, San Diego, CA, USA) at 800 mg/ml. All SLMT-1S1 MCHs, DEC1 transfectants and pcDNA3.1 ( þ ) vector alone transfectants were selected in growth medium containing 400-500 mg/ml G418. All TSs were grown under the same condition as the recipient cell SLMT-1S1. The cells were regularly monitored for mycoplasma presence and were consistently negative.
DNAs from 34 pairs of tumor and corresponding normal tissues were obtained from Chinese ESCC patients diagnosed at Tuen Mun Hospital in Hong Kong from 1993 to 1999, as described previously (Yang et al., 2004) .
Normal esophageal tissues were extracted from Hong Kong gastric cancer patients, who underwent surgery in Queen Mary Hospital. The esophageal tissues were verified as normal under the microscope by a pathologist.
Microcell-mediated human chromosomes 9 and 18 transfer MMCT of chromosomes 9 and 18 is essentially performed as described previously (Goyette et al., 1992) . After fusion, the MCHs were selected in medium containing G418 at 500 mg/ml and hypoxanthine/aminopterin/thymidine (HAT) (Sigma, St Louis, MO, USA).
DNA slot blot assay
To detect any mouse DNA contamination of MCHs, a DNA slot blot was performed as described previously (Cheng et al., 1998) .
Fluorescence in situ hybridization
Whole chromosomes 9 and 18 FISH probes were purchased from Vysis (Downers Grove, IL, USA). Hybridization protocols are as described previously (Cheng et al., 2000) . The probe signals were processed by use of SPOT software (Sterling Heights, MI, USA) on an Olympus BX51 microscope (Olympus, Tokyo, Japan). A minimum of 20 metaphase spreads were analysed.
Microsatellite markers
In all, 39 chromosome 9 and 10 chromosome 18 specific microsatellite markers were utilized. Details about the cytogenetic localization of the chromosome 9q microsatellite markers used are seen in Table 1 . The other chromosome 9p markers utilized in this study include D9S1779, D9S1810, D9S324, D9S168, D9S269, D9S254, D9S157, D9S171, D9S126, D9S259, D9S1853, D9S1874, D9S55, and D9S970. The chromosome 18 markers include D18S1132, D18S1150, D18S1107, D18S468, D18S34, D18S450, D18S46, DCC, D18S465, and D18S469. Primer information was from the Genome Data Base (http://www.gdb.org) and NCBI genome database (http://www.ncbi.nlm.nih.gov/). Information on KM9.1, KM9.2, and DCC was as reported previously (Huang et al., 1992; Miura et al., 1996) .
PCR microsatellite assay and LOH studies
Microsatellite analysis of recipient, donor, MCH, and TS cell lines was performed using fluorescent PCR-based analysis on an Applied Biosystems Prism 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA), essentially as described previously (Cheng et al., 1998) . Reactions were carried out in a volume of 10 ml containing 10 Â PCR buffer II, 200 mM dNTP, 4 mM F-dNTP (for nonfluorescent labeled markers), 1.5 mM MgCl 2 , 5 pmol each primer, 0.5 U AmpliTaq Gold DNA polymerase, and sterile deionized water. Between 20 and 100 ng DNA was amplified for 30 cycles. The annealing time is 30 s for all markers, except 15 s for D9S778 and 45 s for D9S61. Since there are nine copies of chromosome 9 in the MCH cell lines, allelic loss in the TSs was considered significant, if allelic ratios are less than or equal to 0.8 or greater than or equal to 1.2. For LOH studies, PCR products were similarly analysed using Genescan and Genotyper 2.1 software (Yang et al., 2004) . Each allele was scored by comparing the ratio of the signal intensities between tumor and corresponding normal DNA in heterozygous individuals. Based on the formula T1:T2/N1:N2, where T stands for tumor and N stands for normal alleles, LOH is defined as having a ratio of less than or equal to 0.67 or greater than or equal to 1.5. Homozygous specimens are considered uninformative. All samples showing LOH result were confirmed at least twice.
Tumorigenicity assay and TS analyses
Chromosomes 9 and 18 MCHs and DEC1 stable transfectants were inoculated into nude mice to compare the tumor growth ability with the recipient cell line and pcDNA3.1 ( þ ) vectoralone stable transfected cell lines. A total of 5 Â 10 6 cells were Tumors arising after chromosome 9 MCH and C8 DEC1 stable transfectant injections were reconstituted into cell culture for subsequent molecular analyses. The statistical significance of the difference in times for appearance of tumors at 3 weeks after injection was determined by the independent t-test using the SPSS version 10.0.1.
DNA transfection and colony formation assay
The pcDNA3.1 ( þ ) expression plasmid constructs contain a selectable neomycin-resistance gene. The 525 bp cDNA clone of the wild-type DEC1 gene, mapping from 213 to 737 bp on the DEC1 cDNA sequence (Nishiwaki et al., 2000) and control pcDNA3.1 ( þ ) vector (5.4 kb) were transfected into SLMT-1S1, T.Tn6, and HKESC-2 cells using lipofectamine and Plust reagent (Invitrogen, San Diego, CA, USA). The method was according to the manufacturer's protocols. DNA (1 mg) is thoroughly mixed with 4-6 ml Plust reagent and 5 ml lipofectamine for 15 min at room temperature separately before addition to the cells for 6-8 h. The cells are subsequently split into three 100 mm dishes 24 h later. Three separate experiments were performed. After 18-21 days of selection in growth medium containing 400-500 mg/ml G418, colonies were fixed and stained with giemsa (Sigma, St Louis, MO, USA). Stable clones from the vector-alone group and DEC1-transfected group were subcloned and analysed.
RT-PCR analysis
Total RNA was extracted from the cell lines using an RNeasy mini kit (QIAGEN, Chatsworth, CA, USA). Total RNA (1 mg) was reverse transcribed using the M-MLV Reverse Transcriptase (USB, Cleveland, OH, USA) for first-strand cDNA synthesis. cDNA (2 ml) is used for PCR in a 20 ml reaction mixture with 5 pmol of each primer, 5 mM dNTP, 1 U Taq polymerase (Boehringer Mannheim GmbH, Germany), 1 Â PCR buffer with MgCl 2 , and sterile deionized water. PCR for DEC1 transcript was performed under the following conditions: 5 min at 941C; 30 cycles of 30 s at 941C, 30 s at 601C, 1 min at 721C; followed by final 5 min at 721C. As an internal control, the GAPDH gene was amplified from the same cDNA samples for 25 cycles. Normal esophageal tissues and the pcDNA3.1 ( þ )/DEC1 plasmid serve as positive controls. For amplification of the DEC1 gene and the GAPDH gene, two sets of sense and antisense oligonucleotides were used. These are 5 0 -AAGTGGAAGAGCATTGTGCC-3 0 and 5 0 -CCTGGCAAGAGATACAGCAA-3 0 , with nucleotide positions 550-569 and 686-705 for DEC1, and 5 0 -GAGT CAACGGATTTGGTCGT-3 0 and 5 0 -ATCCACAGTCTTCT GGGTGG-3 0 , with nucleotide positions 123-143 and 551-670 for GAPDH. A 156 bp fragment of the DEC1 and 548 bp fragment of the GAPDH transcript was then amplified by PCR.
